The purpose of the present study is to analyze the circuit connection reliability of printed wiring boards (PWBs) in relation to the thermal stresses obtained by FEM and to apply the FEM data to a data-mining method in order to clarify the factors that influence the thermal stress of the copper plating on the drilled hole walls. The following are the conclusions obtained herein: (1) Decreasing the thickness of the build-up layer is effective in reducing the thermal stress of the copper plating. (2) Using the data-mining method, new factors that were hidden in the data, such as the coefficient of thermal expansion in the Z direction, were revealed, despite the presence of other complex factors.
Data-Mining of Factors Affecting Circuit Connection Reliability on Laser-Drilled Micro Blind via Holes in Multi-Layer PWBs

Introduction
Printed wiring boards (PWBs) have become smaller due to the miniaturization of electric devices and the higher densification achieved in the circuit formation of multi-layer PWBs through current manufacturing technology. During the manufacturing of multi-layer PWBs, the core is frequently laminated with insulating resin to buildup the layers (1) , (2) . Microvia drilling using laser technology has become the predominant method of machining smaller blind via holes. However, a problem has emerged in that the strength of the substrate is sometimes insufficient because the insulating resin layers are used as multilayers. As such, it has become necessary to use fiberreinforced plastics (FRP) for the insulation layer. Aramid fiber reinforced plastic (AFRP) is considered to be a suit-able material for the build-up layers because it allows high-efficiency laser drilling (3) , (4) . Laser drilling methods are frequently used to form blind via holes in the insulation layer. By appropriate adjustment of the laser penetration energy, the holes are drilled only in the insulation. Moreover, a technique that uses the copper foil forming the circuit has been considered as a means by which to limit the hole depth more accurately. Compared with the resin layer, much more energy is required to decompose the FRP layer. Therefore, after forming the blind via holes, copper plating must be used in order to maintain high reliability in circuit interconnectivity.
In the present study, using the finite element method (FEM), we first evaluated the effects of both the shape of the holes and the thickness of the copper plating on thermal stress occurring at the bottom of the hole. However, there are many factors associated with the thermal stress. Therefore, the proper material composition and hole shape design are difficult to determine because these factors have not yet been fully clarified. It is necessary to apply FEM to large amounts of data in order to identify quantitative tendencies. In addition, we applied a datamining method to the thermal stress data, in an attempt to elucidate the factors that influence the quality of blind via holes, using variable clustering analyses and multiple regression. Data-mining methods to discover new scientific knowledge from large amounts of stored data have Fig. 1 Flow of data-mining been researched actively (5) , (6) . Recently, these new statistical methods have been used extensively for large-scale data processing to extract valuable new information from large-scale databases. Data-mining methods are effective for evaluating of the qualities of complex materials such as PWBs made of FRP and copper.
Data-Mining
Data-mining (also known as Knowledge Discovery in Databases, KDD) is a data-processing technology that can be used to extract valuable information from large-scale databases. In conventional statistical analyses, data are examined directly for data noise, which is then removed based on the judgment of an analyst. One feature of datamining is the removal of noise by data cleansing. In conventional statistical analyses, the data must be sampled in accordance with the purpose of the analysis. Conversely, data-mining can handle data that are stored without any formatting. Moreover, it is possible to recycle previously analyzed results to attain new knowledge.
The typical flow of data-mining is shown in Fig. 1 . It is possible that the data have different units and contain outlier values due to measurement or data-input mistakes. These problems are detrimental to the quantitative evaluation of analysis results. Therefore, in order to remove such problem data, normalization of data and an outlier value test were carried out to cleanse the data. The GrubbsSmirnoff statistical test for detecting outlier values was performed as follows. First, T i was calculated with Eq. (1) for X i j , which was the maximum (or minimum) value of measured data X i . Second, T i was compared with judgment point t at a significance level of 0.05 (t = 3.75 in the present study). If T i was not lower than t, then T i was judged to be an outlier value. Next, this process was repeated in a similar manner for n−1 data until T i was lower than t
where X i is the mean value of X i , and U i is the variance given by 
where n is the number of data.
Multivariate analysis was applied as the method of statistical analysis for preprocessed data. In multivariate analysis, a proper analytical method must be selected according to the data type, as shown in Table 1 . Multiple regression analysis was therefore adopted because the predictor variables were in the form of numerical data, such as the geometry of the drilled via hole and the thickness of the copper plating. The criterion variable was also in the form of numerical data, such as the thermal stress in the copper plating. However, the reliability of the factor analysis results decreases when a high correlation exists among predictor variables in multiple regression analysis. Thus, variable cluster analysis was also applied to cleanse the data in order to visually observe the structure of predictor variables.
The variable cluster analysis was performed as follows. The distance L gh between variable g and variable h is defined by Eq. (3) using the correlation coefficient r gh between variable g and variable h obtained by Eq. (4), and each cluster is paired with another cluster with minimized L gh . Here, L gh becomes the minimum distance 0 when the correlation coefficient r gh is 1, and reaches the maximum distance 2 when the correlation coefficient r gh is −1, because −1 < r gh < 1. Ward's method was utilized to calculate the distance after clusters were united. This method is used to unite pairs of clusters for which the distance becomes minimum by minimizing D ko , as shown in Eq. (5), in order to minimize the sum of squares of the centroid of clusters produced by amalgamation
where g and h are the mean values of g and h, respectively. 
where D ko is the distance between D k and D o . Here, D k is a cluster generated by uniting cluster D p and cluster D q . Moreover, D o represents the other cluster, and m is the number of data.
Backward elimination was performed for the selection of predictor variables in multiple regression analysis. The significant predictor variables can be selected through backward elimination by judging them with an F-value that shows their significance. Backward elimination was conducted as follows. First, the F-value was calculated for each predictor variable. Then, the predictor variable with the smallest F-value was removed. The F-value was then recalculated for the remaining predictor variables, and the predictor variable with the smallest F-value was removed. This process was repeated in a similar manner until that the F-value of all the selected predictor variables became 2.0 or more, i.e., when all predictor variables were generally accepted as significant for the criterion variable. Figure 2 shows the process for manufacturing multilayers PWBs (four circuit layers) by the build-up method. First, copper-clad circuit patterns are formed on both sides of a core layer of GFRP, as shown in Fig. 2 (a) . The AFRP is then laminated on both sides of the core layer to form the insulation layer, as shown in Fig. 2 (b) . Next, the blind via holes to connect the inner circuit patterns are drilled with a laser, as shown in Fig. 2 (c) . The through holes to connect the outer circuit patterns are then drilled with drilling tools, as shown in Fig. 2 (d) . Then, after hole cleaning is performed by methods such as the de-smear treatment, copper plating is performed in order to connect the inner and outer circuit patterns, as shown in Fig. 2 (e) . Finally, the outer circuit pattern is formed by acid etching, as shown in Fig. 2 (f) . Figure 3 shows a cross section of the blind via hole drilled by the CO 2 laser. The blind via hole, with a diameter of approximately 200 µm at the entrance hole, is formed successfully by proper laser energy input. It can be seen that a taper angle is formed at the hole wall. Such tapering is a feature of laser-drilled holes, because the laser energy intensity forms a three-dimensional Gaussian distribution. Figure 4 shows the name of each part of the blind via hole after copper plating.
Acquisition of Stored Data for Data-Mining
1 Formation of laser-drilled blind via holes
3. 2 Calculation of thermal stress in copper plating by FEM The thermal stresses were calculated by FEM. Figure 5 shows an FEM mesh. The core material includes a build-up layer of copper foil. The land pattern (thickness: 20 µm) is formed on the blind via hole. The diameter of the land on the surface of the build-up layer is twice that of the hole entrance. Axisymmetric elements are used in the analysis around the drilled hole. The properties of GFRP, as shown in Table 2 , are substituted for the core materials, those of copper are substituted for the copper foil and the plating, and those of AFRP, GFRP, and epoxy are substituted for the build-up layer. In terms of the constrained conditions, the point of intersection with the core base is fixed in the Z (thickness) direction, as depicted in Fig. 5 . The surface of the copper plating is adiabatic with respect to boundary conditions. The thermal stresses were estimated under a steady heat condition when the temperature rose to 398 K. MSC/NASTRAN for windows was used as the calculation code. The materials used in the present study are considered to be thermally isotropic in the X-Y plane because the laser-drilled holes are round, and the shape of the drilled hole walls is convexo-concave due to the different laser-drilling characteristics of the fiber and resin matrix. Figure 6 shows the calculated deformation of a copper-plated blind via hole in the AFRP build-up layer. It is expected that tensile stress occurs in the copper plating on the hole because AFRP has a higher coefficient of thermal expansion in the Z direction than copper. We therefore regard major principal stress as an estimation factor. Figure 7 shows a contour map of the major principal stress. The maximum stress is not seen at the hole entrance, but at the point of intersection, point A, shown in Fig. 7 , between the copper plating on the hole wall and the copper foil on the core layer. It is clear that in taper holes, such as those made by a laser, there is a weak area at the base of the blind via hole. Figure 8 shows the copper-plated laser via hole after the heat cycle test. It is found that the circuit disconnection between layers occurs at the hole bottom, which corresponds to the maximum stress point calculated with FEM, as depicted in Fig. 8 . tors believed to influence the maximum thermal stress of the copper plating on laser drilled holes were individually estimated using FEM. Figure 9 shows the influence of the copper plating thickness on the maximum thermal stress. The observed tendency for the maximum thermal stress was to decrease as the copper plating thickness increased. However, in the normal thickness range of copper plating (15 µm to 20 µm), the copper plating thickness has almost no effect on the maximum thermal stress. Figure 10 shows the influence of the land diameter on the maximum thermal stress. The ratio of land diameter to the diameter of the entrance hole that is generally used is 1.5 to 2.0. In this range, the maximum thermal stress is almost constant despite the increase in the land diameter. Therefore, it seems that the land diameter, which is considered to be one of many factors affecting the connection reliability, hardly influences the maximum thermal stress. Figure 11 shows the influence of the diameter of the entrance hole on the maximum thermal stress when the land width is a constant 0.25 mm. The thermal stress tended to grow as the diameter of the entrance hole decreased. A smaller diameter blind via hole is required for a finepitched circuit interconnection. However, the disconnec- tion of the circuit formed with copper plating is believed to occur because of the magnification of the thermal stress around the hole bottom. Therefore, for high-density circuit wiring, it is effective to minimize the land diameter and maximize the diameter of the entrance hole to the extent possible. Figure 12 shows the influence of the taper angle and the thickness of the build-up layer on the maximum thermal stress. It is clear that the maximum thermal stress occurs at a taper angle of approximately 10 degrees at a build-up layer thickness of 0.30 mm. The taper angle at maximum thermal stress decreases in proportion to the increase in the build-up layer thickness. Moreover, the maximum thermal stress increases with the build-up layer thickness.
Data-Mining for Factor Analysis
1 Target data for analysis
The parameters used for data-mining are the maximum thermal stress σ max of the copper plating at point A as the criterion variable, the copper plating thickness t c (µm), the land diameter d l (mm), the entrance hole diameter d e (mm), the taper angle θ (deg.), and the build-up layer thickness t b (mm) as predictor variables. Table 3 Single correlation coefficients between σ max and predictor variables Table 4 Single correlation coefficients between σ max and new predictor variables
2 Data cleansing
All target data were used, since the results of a Grubbs-Smirnoff statistical test showed that there were no outlier values. Table 3 shows the single correlation coefficients of predictor variables to the maximum thermal stress. The single correlation coefficient is the correlation coefficient between two variables obtained by Eq. (4). The sign of the single correlation coefficient of the build-up layer thickness t b is positive, whereas the others are negative, as shown Table 3 . Therefore, t c , d l , d e and θ , the inverse values of t c , d l ,d e and θ respectively, were newly determined. As a result, the sign of the single correlation coefficient of all predictor variables to σ max became positive, as shown in Table 4 . Figure 13 shows a tree diagram of the variable cluster analysis to visually identify the data structure according to Eqs. (3) and (4). The tree diagram in Fig. 13 shows that variables combined at the lower sides have a higher correlation. The highest correlation was found between d l and d e . The composition of the circuit, where the land diameter increases with an increase in hole diameter, is responsible for the high correlation between d l and d e . If multiple regression analysis is performed using d l and d e , either no solution can be obtained or the reliability of the analysis becomes lower because of multi-colinearity. Therefore, either d l or d e must be removed from the predictor variables. Here, d l was adopted, and d e was removed from the result of single correlation analysis of the predict variables for the maximum thermal stress shown in Table 3 . 
3 Data structure analysis by variable cluster analysis
4 Analysis of factors by multiple regression anal-
ysis From the results of multiple regression analysis using the F-value test with backward elimination, the factors selected as significant for the maximum thermal stress σ max were the thickness of the build-up layer t b , the inverse value of the copper plating thickness t c and the inverse value of the land diameter d l . The partial regression coefficients of t b , t c and d l are 0.723 2, 0.275 6 and 0.239 2, respectively. The partial regression coefficients of these factors were all found to be in agreement in terms of their positive signs. When the signs do not agree, it is necessary to reevaluate the correlation among the variables using variable cluster analysis, because multi-colinearity in the variables is indicated. Therefore, it is obvious that the thickness of the build-up layer t b , the inverse value of the copper plating thickness t c and the inverse value of the land diameter d l influence the maximum thermal stress. That is, increasing the thickness of the build-up layer or decreasing the copper plating thickness and the land diameter causes an increase in the maximum thermal stress. Moreover, t b is influential because the partial regression coefficient of t b is much larger than that of t c or d l . It is clear that a decrease in the build-up layer thickness is effective in mitigating the maximum thermal stress.
4. 5 Interpretation of build-up layer thickness as a significant factor It is necessary to interpret the obtained results in order to show the validity of statistically analyzed data. The influence of the thickness of the build-up layer t b must be investigated. AFRP is considered a suitable material among the various kinds of FRPs for PWBs because of its low coefficient of thermal expansion in the X-Y (plane) direction and its high efficiency for laser drilling. However, the coefficient of thermal expansion in the Z (thickness) direction is much larger. Therefore, the higher coefficient of thermal expansion in the Z direction is believed to cause a large thermal stress on laser drilled holes in the copper plating.
6 Verification of new factors hidden in data
A significant result of data-mining is that new, otherwise-hidden factors can be extracted from existing data. The coefficient of thermal expansion in the Z direction was revealed as a new factor in sections 4.5. Therefore, the data-mining process was repeated to evaluate the influence of the coefficient of thermal expansion in the Z direction using data added when GFRP and epoxy are used for the build-up layer. GFRP and epoxy have different coefficients of thermal expansion in the Z direction than AFRP. As a result of multiple regression analysis, factors selected as significant for the maximum thermal stress at point A in Fig. 4 were the thickness t b of the buildup layer, the inverse value of the copper plating thickness t c , and the coefficient of thermal expansion α z in the Z direction. The partial regression coefficients of t b , t c and α z are 0.555 5, 0.206 3 and 0.810 7, respectively. Here, the value R-squared of 0.910 4 is good, despite the use of only three predictor values in the present study. R-squared, often called the coefficient of determination, is an indicator of how well the model fits the data and has an increasing tendency with the number of predictor values. Therefore, it is shown that the factor analysis by data-mining has been performed very well. Moreover, it is found that the coefficient of thermal expansion α z in the Z direction is larger. This result provides a fresh insight, i.e., new knowledge that the coefficient of thermal expansion in the Z direction is the most significant factor for the maximum thermal stress. Therefore, the following experiment was conducted in order to confirm the above result. A thermal breakdown test was carried out using AFRP and GFRP build-up layer PWBs. This test, called the hot oil test, is generally used to investigate the reliability of the electrical connection between layers for PWBs. In this test, PWBs with copper plating on laser-drilled via holes were immersed for 10 seconds in silicon oil heated to more than 200
• C and then left to cool at room temperature, with this cycle repeated multiple times. Figure 14 shows the relation between the number of thermal cycles and the unreliability of the connection. Here, the unreliability value is the number of disconnection holes after the thermal cycles, per 100 holes prepared. It is clear that the unreliability increases according to the increase in thermal cycles for both AFRP and GFRP build-up layer PWBs. However, the unreliability of AFRP was found to be greater than that of GFRP, as the coefficient of thermal expansion in the Z direction for AFRP is much larger than that for GFRP. Therefore, it is experimentally indicated that a lower coefficient of thermal expansion in the Z direction is effective for maintaining reliability in circuit connections. The finding of a new factor, the coefficient of thermal expansion in the Z direction, that was hidden in the data is a significant result of data-mining.
Conclusions
To determine the circuit connection reliability for laser blind via holes in PWBs, a factor analysis of the thermal stress of copper plating was attempted using datamining, which has been systematized as a statistical technique for discovering scientific information. The following conclusions were obtained.
( 1 ) The thickness of the build-up layer, the thickness of copper plating, and the land diameter combine to influence the increase in thermal stress at the point of the intersection between the copper plating on the hole wall and the copper foil on the core layer.
( 2 ) Decreasing the thickness of the build-up layer is effective in reducing the thermal stress of the copper plating.
( 3 ) Using the data-mining method, a new factor, the coefficient of thermal expansion in the Z direction, which was hidden in the data, was revealed despite the presence of other complex factors.
